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Introduction
The effective management of existing energy resources is as important as the development of new energy sources. Energy storage systems make it possible to use renewable energy sources for heating and cooling, in addition to power generation when required, by remedying the problems resulting from their intermittent and variable characteristics. An energy storage system can balance the energy demand and supply, thus improving the overall efficiency and flexibility of energy systems.
Thermal energy storage (TES) is an energy storage technology, which stores thermal resources, such as solar energy, geothermal energy and industrial waste heat, without converting the thermal resource into different forms of energy. In general, above-ground TES has been commercially used in concentrating solar power (CSP) plants, but little attention has been paid to the applicability of a rock cavern to large-scale high-temperature thermal energy storage, except for a few studies (Park et al. 2013 ; Park et al. 2014 ; Kim et al. 2015) . As opposed to aquifer thermal energy storage (ATES) and borehole thermal energy storage (BTES) which use the underground environment as a storage medium, cavern thermal energy storage (CTES) which utilizes a cavern as a thermal energy storage tank, is technically feasible even under poor geological conditions, and it can be customized for various purposes and storage temperatures. Moreover, the increasing needs for large-scale hightemperature TES for industrial purposes can make CTES superior to above-ground TES systems.
Underground spaces can offer a viable and economical alternative for large-scale storage because the surrounding rock functions as a heat insulator due to its low thermal conductivity (Park et al. 2013) . A numerical study of the heat loss characteristics of rock cavern TES and above-ground TES by Park et al. (2014) showed that the heat loss rate of the rock cavern TES approached a certain value with time, whereas that of the above-ground TES system remained constant over the operation period. It was also observed that, in terms of the long-term operation period, the heat loss of the rock cavern TES system exhibited less sensitivity and less dependent behaviors related to the insulator performance compared with those of the above-ground TES system, which suggests that regarding the thermal insulator, the initial construction cost and the risk of possible failure according to the cyclic thermal load can be reduced in the underground space. However, at present, only limited applications of CTES are available because of the high investment costs and the environmental impacts. An exception is the Lyckebo rock cavern used for storing hot water of 40 -90ºC for a heating system in Sweden, which has been operating since 1983 (SKANSKA 1983). In the case of the CTES for high temperatures above 100ºC, feasibility studies on the technologies for high-temperature and large-scale rock caverns The estimation and control of the thermal, hydrological and mechanical behaviors of storage caverns and the surrounding rock mass is one of the key issues that should be addressed in the 3 development of technologies for CTES. The repeated thermal charging and discharging could potentially cause temperature changes in the surface water and groundwater and consequent effects on vegetation and the biosphere. Thermally induced mechanical instability of the storage caverns and the surrounding rock mass as well as the long-term characteristics of hydro-thermal multiphase flow and heat transport are also important issues to be investigated.
The present study is aimed at examining coupled thermal-hydrological-mechanical (THM) behavior in the rock mass around a high-temperature thermal energy storage cavern. As a first step toward understanding the coupled processes in the rock mass, we conducted a numerical study in which the operation of a large-scale high-temperature CTES for 30 years was simulated without consideration of insulator material. Then, the effects of the insulator performance were examined with different insulator thicknesses. The multiphase ground water flow and heat transfer in the rock mass surrounding a rock cavern storing thermal energy of 350ºC were analyzed using the TOUGH2-EOS4 module, which can consider water/air mixtures with vapor pressure-lowering effects (Pruess et al. 1999 ). The coupled processes between the hydro-thermal flow and the mechanical behavior were predicted by FLAC3D (Itasca Consulting Group Inc. 2012) and the TOUGH-FLAC simulator (Rutqvist et al. 2002; Rutqvist 2011 ).
Section 2 briefly introduces the numerical model and approach, and Section 3 presents the simulation results in terms of thermal-hydrological flow and mechanical behavior in the rock mass; these are then followed by a few conclusions.
Numerical model

TOUGH-FLAC simulator
The TOUGH-FLAC simulator was initially developed by Rutqvist et al. (2002) as pragmatic approach for modeling of THM processes in porous and fractured geological media. It is based on the linking of two existing codes, TOUGH2 and FLAC3D. The TOUGH2 code is a well-established code for multidimensional fluid and heat flows of multiphase, multicomponent fluid mixtures, whereas FLAC3D is a widely used commercial code for rock and soil mechanics with thermo-mechanical and hydromechanical interactions. The respective merits of both codes have allowed the TOUGH-FLAC simulator to be widely applied to many THM problems in geological media, such as nuclear waste disposal, CO2 injection, geothermal reservoir engineering and energy storage in rock caverns 
where σij and εij are total stresses and strains, α is the Biot coefficient, K and G are bulk and shear moduli, αt is the linear thermal expansion coefficient, and δij is the Kronecker delta.
The porosity-mean stress and permeability-porosity relationships used in the present study are empirical models suggested by Davies and Davies (1999) and slightly modified and applied by (2) where ϕ is porosity, ϕ0 is porosity at zero stress, ϕr is residual porosity at high stress, σ'M is mean effective stress and the exponent a should be experimentally determined.
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where k is permeability, k0 is permeability at zero stress and the exponent c should be experimentally determined.
The capillary pressure is modified with permeability and porosity according to the function by Leverett (1941) :
where Pc is the capillary pressure, and Pc0 is the capillary pressure at zero stress as a function of liquid saturation Sl. 5 
Model configuration and input parameters
The operation of a large-scale high-temperature TES at a shallow depth for a period of 30 years was numerically simulated, and the coupled THM behavior of the surrounding rock mass was examined.
The present study places emphasis on the prediction of the behavior of the rock mass surrounding the storage cavern, rather than the rock cavern itself. We modeled a cylindrical cavern with a height of 50 m and a diameter of 20 m on the basis of the conceptual TES model by Park et al. (2014) . In their TES model the storage temperature repeatedly changed in the range of 20 to 685°C according to the operation mode, whereas in this study the storage temperature in the rock cavern is set to 350ºC, approximately the average value, based on the assumption that an ideal thermal stratification would be maintained inside the storage cavern. By taking advantage of the planes of symmetry, only onetwelfth (30 degrees) of the region of interest was constructed, as shown in Figure 1 Table 1 gives a summary of the input parameters for the numerical model. For the properties of the insulator, a detailed description is provided in Section 3.3.
The elements representing the interior of the cavern were assigned an elastic model and considered only as a heat source having constant temperature (350ºC) during the simulation. In fact, for more accurate predictions of the mechanical behavior of the storage cavern, it might be desirable to consider the excavation process and the ground water flow into the cavern during its construction.
However, the mechanical behavior of the cavern was of relatively minor significance in the present study; we focused on the examination of the coupled THM processes occurring in the surrounding rock mass considering the high-temperature heat source.
Results of numerical simulations
Thermal-hydrological flow
The thermal-hydrological behavior of the rock mass induced by thermal energy storage was examined by monitoring the changes in temperature, pressure and liquid saturation over the operation period. Figure 2 shows the temperature contours of the surrounding rock, which were estimated at 1 year, 3 years and 30 years after the start of the operation. Figure 3 shows the calculated temperature variations at the monitoring points during the operation period.
As shown in Figure 2 , as the simulation time proceeded, the temperatures in the surrounding rock increased to over 100ºC; the distances between the cavern walls and the zones having a temperature of 100ºC were 9 m after 1 year, 15 m after 3 years and 33 m after 30 years. The temperature contours 7 exhibited a radial gradient around the cavern, which indicated that the heat flow was dominated by conduction and that the effects of groundwater were not significant. Temperatures in proximity to the storage cavern (at P1, P2 and P3) increased rapidly and tended to approach certain values at an early stage of the operation. At a distance of 50 m from the central axis of the cavern (at P4), there was a minor change in the temperature until 5 years, but the temperature gradually increased to approximately 75ºC after 30 years. Near the ground surface (at P5, P6 and P7), the temperatures showed relatively minor variations, which might be attributed to their proximity to the atmospheric boundary condition.
In reality, there is heat transfer from the ground surface to the air that can be modeled with a heat transfer boundary condition that regulates the heat flow from the surface to the ambient air. Such a heat transfer boundary condition is considered in the building physics when calculating heat transfer between the buildings and the outside air through the ground. There is a heat transfer coefficient between the air and the ground surface that depends, for instance, on wind conditions, and its value ranges from 5 to 50 W/m than the rock thermal conductivity (3.0 W/mK) in this case. In practice, this means that the ground surface temperature will stay constant at 15C and that the constant temperature boundary condition at the ground surface is realistic. However, it is worth noting that the rock temperature at a depth of 5 m was still increasing at the end of the simulation, as shown in Figure 3 . A preliminary study to examine the long-term thermal transfer showed that it would take several hundred years for the rock mass to reach a steady temperature. Considering the uncertainties of the input parameters and the limitation of continuum modelling, there are potential impacts on near-surface vegetation and the biosphere during the operation period. Figure 4 shows the liquid saturation contours of the surrounding rock estimated at 1 year, 3 years and 30 years after the start of the operation, and Figure 5 shows the pressure contours at the same stages. As time proceeded, the rock temperature around the storage cavern increased over the boiling temperature, which caused evaporation and a decrease in liquid saturation. Interestingly, there was no significant evaporation and its effect on the pressure even in the regions having a temperature > during the first 10-year operation period. Simulations with TOUGH2 overestimated the temperature, pressure and gas saturation compared to the simulations with TOUGH-FLAC, even though there were no significant differences. As described in Section 2, the porosity, permeability and capillary pressure are directly corrected or indirectly affected by mean effective stress in the TOUGH-FLAC simulation.
Thermally induced stress concentration lowered the porosity and permeability, impeding heat transfer and water flow through the rock mass.
Mechanical behavior
In this section, the mechanical responses of the surrounding rock mass to the thermal and hydrological processes resulting from thermal energy storage are presented. The main geo-mechanical responses are driven by thermal expansion which is expected to cause ground surface uplift and stress changes within the rock mass. The change in fluid pressure is also an important factor affecting the effective stress around the storage cavern. Generally, it is expected that the fluid pressure would decrease effective stress, whereas thermal stress would increase effective stress. Figure 8 shows the increments of the mean total stress, mean effective stress and pressure after 30 years of operation. In these contours, compressive stresses have a positive sign. Increases in stresses and pressure can be clearly observed in proximity to the storage cavern; the maximum values of the increments are 17.1, 14.5 and 3.6 MPa, respectively. From the results in Figure 8 it can be concluded that the calculated change in effective stress was mainly attributed to thermal stress and stress concentration at the side wall. The effects of pressure and evaporation were found to be relatively minor. Figure 9 shows the amount of total displacement and the vertical and horizontal displacements after 30 years. The ground-surface uplift was approximately 10 mm after 1 year and 23 mm after 3 years, and it reached 90 mm after 30 years. Uplift greater than 10 mm was found over a wide area above the cavern: the zones extending approximately 150 m from the center of the model. Figures 10 and 11 provide the magnitude and direction of the effective principal stresses around the storage cavern, respectively. The compressive stress developed around the cavern, and the maximum values of the major and minor compressive effective principal stresses were 22.5 MPa and 12.8 MPa, respectively, at 30 years. The effective principal stresses showed overall radially graded distributions due to thermal expansion. There was an exception in the proximity to the ground surface; tensile stress developed as minor effective principal stress near the ground surface as a result of the free moving boundary condition at the top of the model; a low level of compressive stress was 9 distributed as a major effective principal stress in a direction parallel to the ground surface. At the side walls, a high level of major effective principal stress developed in the tangential direction and the minor effective principal stress developed in the radial direction, as shown in Figure 11 ; this could bring about some shear failure and local damage. The planes of the major and minor effective principal stresses were parallel to the XY plane (see the axes in Figure 1 ). Figure 12 shows the effective principal stress paths at the monitoring points over the operation period, along with the Mohr-Coulomb failure envelope; the yellow circles denote the respective final stages. In FLAC3D, the Mohr-Coulomb model can be used with tension cutoff; the shear failure and tension failure are defined by the following two criteria, respectively.
where σ'1 and σ'3 are major and minor effective principal stresses, ϕ is the friction angle and c is the
where σt is tensile strength.
At the monitoring points P1, P2 and P3 located at a distance of 5 m from the storage cavern, both principal stresses increased with time due to thermally induced stress. The changes in stresses occurred rapidly in the early stage and there were minor changes after 5 years. The exception is that the stresses at P1, in particular the minor effective principal stress, decreased after 1 year; this might be attributed to uplift of the regions above the storage cavern. At point P4, the major effective principal stress increased consistently in the radial direction, but the minor effective principal stress decreased for the first 5 years and increased with rock heating (see Figure 3) . The direction and magnitude of the minor effective principal stress were affected by differential deformation as a result of heating and uplift of the surrounding rock mass. The decrease in the minor effective principal stress in the early stage could cause mechanical instability by increasing the deviatoric stress, even though in this particular case the stress state was below the failure envelope.
The effective principal stress states at the points P5 and P6 reached the shear failure envelope after 3 years and 9 years from the start of operation, respectively. The major effective principal stress slightly increased because of the shallow overburden and small temperature change, whereas the minor effective principal stress decreased with the development of tensile stress following the uplift of the ground surface. It is expected that the stress state at P7 would reach the shear failure envelope if 10 the operation continued beyond 30 years. Tensile failure was not observed in any element because the tensile strength of the rock mass was set to 5.0 MPa. However, tensile failure close to the ground surface could also be expected, considering that the main reason for the shear failure was the development of tensile stress.
The effective principal stress state of each element within the model was examined by calculating the strength-stress ratio. The strength-stress ratio is defined as the ratio of the maximum allowable major effective principal stress σ'1, max under the current minor effective principal stress σ'3 to the current major effective principal stress σ'1, where the σ'1, max can be obtained from Eq. 5. The ratio is always greater than or equal to 1.0, and the region with a higher ratio is considered more stable state in terms of shear failure. Figure 13 shows the contours of the strength-stress ratios estimated at 1 year, 3 years and 30 years after the start of operation; the elements with ratios greater than 10.0 are drawn in the same color. Figure 14 shows the shear yielding zones estimated at 1 year, 3 years and 30 years after the start of operation.
Within a few months of the start of the operation, shear failure began at the side walls of the cavern in the direction parallel to the XY plane, as mentioned above, and then expanded to a zone near the ground surface above the cavern. It is interesting that the zones falling within the range of a few meters from the cavern had relatively high strength-stress ratios; the strength-stress ratio was getting greater as time proceeded, as shown in Figure 13 . This is ascribed to the fact that both principal stresses increased simultaneously in proximity to the cavern, resulting in relatively small deviatoric stress. The strength-stress ratios at more distant zones near the ground surface became lower with time because of the development of high deviatoric stress. The shear failure was detected in a wide range above the cavern near the ground surface. The yielding zones expanded as time proceeded, and reached approximately 90 m from the center of the model in the radial direction.
Effects of insulator performance
In the previous sections, the results of the simulation without the insulator were discussed. In practice,
however, an insulator with appropriate performance would be installed on the walls of the storage cavern to prevent heat loss and to alleviate the thermal impact on the surrounding rock mass and the environment. We conducted additional numerical simulations with different insulator performances.
Here, the effects of the steel liner and reinforced concrete for the mechanical stability of cavern were not taken into consideration. As a thermal insulator, mineral wool, one of the most common traditional insulation materials, was considered in the model, and its thermal conductivity was determined to be One problem in the procedure for modeling the insulator layer was that very thin elements around the rock cavern were produced, which could bring about some numerical instability. To overcome this 11 deficiency, we used the concept of the equivalent thermal conductivity. If we assume that the heat transfer through the insulator is one-dimensional steady state conduction with no internal energy generation, the equivalent thermal conductivity of the insulator can be determined by means of the thermal resistance, the definition of which is the ratio of a driving potential to the corresponding transfer rate (Bergman 2011 ). The heat transfer through the insulator at the top and bottom walls of the storage cavern can be simplified by the conduction in a plane wall, whereas that through the insulator on the side walls can be simplified by the radial conduction in a hollow cylinder, as shown in Figure 15 . The resistance for conduction (Rt, cond) in a plane and that in the hollow cylinder can be expressed by Eqs. 7 and 8, respectively.
where qx is the heat transfer rate in the x-direction , T1 and T2 are the temperatures of the wall surfaces at x = x1 and x = x2, respectively, k is thermal conductivity, and A and t are the area and thickness of the wall normal to the direction of heat transfer.
where qr is the heat transfer rate in the radial direction , T1 and T2 are the temperatures of the wall surfaces at r = r1 and r = r2, respectively. k is thermal conductivity, and L and t are the length and thickness of the hollow cylinder.
In terms of thermal resistance, we can represent an identical thermal performance with different thicknesses of insulator. For example, the insulator having a thermal conductivity of 1.0 W/mK and a thickness of 1 m has the same thermal performance as the insulator having a thermal conductivity of 0.5 W/mK and a thickness of 0.5 m, according to Eq. 7, if the other conditions are identical with respect to the conduction in a plane. In short, the equivalent thermal conductivity ke for a fixed thickness of te that corresponds to a thermal conductivity k for a different thickness of t can be expressed by Eq. 9 for the top and bottom walls and Eq. 10 for the side walls of the storage cavern. In the numerical models, the thickness of the insulator layer was fixed to 2.0 m, and the thermal performances of thicknesses of 0.5, 0.75 and 1.0 m were represented using the equivalent thermal conductivities listed in Table 2 .
Figures 16 to 20 compare the results of the simulations according to different insulator performances; the contours of rock temperatures estimated at 30 years after the start of operation in Figure 16 , the variations in temperatures at the monitoring points at P1 and P5 in Figure 17 , the principal stress paths at P1 and P5 in Figure 18 , the amount of uplift of the ground surface occurring during the operation period in Figure 19 and the strength-stress ratio estimated at 30 years in Figure   20 .
Briefly, the overall results indicate, as expected, that the temperatures in the rock mass, the uplift of the ground surface, and the effective stresses around the cavern decreased with the thickness of the insulator, whereas the strength-stress ratio increased with the thickness of the insulator. In all simulations in which the insulator was considered, there was little change in pressure, and no evaporation effect was observed within the surrounding rock mass. The insulator prevented the heat transfer to the rock mass; therefore, the shear failure did not occur around the cavern during the operation. However, when the thickness was less than 1.0 m, shear failures were still observed above the cavern, even though the installation of the insulator delayed the moment at which the tensile stress developed above the cavern. When the thickness was 1.0 m, the temperature of the surrounding rock mass stayed below 100ºC during the operation period except for the zones within a few meters from the sidewall of the cavern. Moreover, there was no significant temperature change near the ground surface.
Discussions and Conclusions
In the present study, we numerically simulated the operation of the rock cavern storing heat of 350ºC
and examined the coupled thermal-hydrological-mechanical behavior in the surrounding rock mass occurring for 30 years of operation. As a fundamental study to understand the possible processes within the rock mass under high temperature condition, the simulations with or without an insulator were conducted using the TOUGH-FLAC simulator.
Assuming that a thermal storage cavern was placed in fractured crystalline granite rock with reasonable permeability, the temperature around the storage cavern exhibited a radial distribution, indicating the heat flow was dominated by heat conduction within the rock mass. The effects of heat advection with groundwater flow were not noticeable. Around the storage cavern, the evaporation of 13 ground water and the formation of an unsaturated zone were observed in the early stage, but the increase in pressure was not significant in spite of high temperatures (greater than 150ºC) because of the dependency of the water boiling temperature on the fluid pressure. The simulation shows that the temperature near the ground surface could be expected to reach approximately 29ºC after 30 years (from 15 ºC at the initial condition). It could likely be controlled through an appropriated insulator, but the insulator performance should be assured for a long-term period, considering that the evolution of the temperature would still be in a transient state at the end of the operation. The fact that the temperature in the upper part is higher than that in lower part in common TES systems is also a matter for consideration in a further study.
The mechanical behavior characterized by effective stress and displacement was mainly affected by thermal expansion. The effects of pressure change and evaporation of ground water were not significant. Shear failure was observed in proximity to the cavern walls in the early stage due to an abrupt increase in the major effective principal stress at the wall in the tangential direction. In terms of shear failure within the rock mass, however, the thermal stress in the vertical direction was a more important factor than the thermal stress concentration. As time proceeded, the thermal expansion induced the tensile stress near the ground surface, which decreased the minor effective principal stress in the vertical direction, causing the stress state to reach the shear failure envelope. Although tensile failure was not observed in the model, the potential for tensile failure could be expected because the least effective principal stress was nearly zero. The occurrence of uplift on the order of a few centimeters was predicted in a wide range near the ground surface. At a real thermal storage cavern, the application of an insulator would reduce the uplift near the cavern, but reinforcement to improve the stiffness and strength of the rock mass should be considered in the design stage of the thermal energy storage cavern.
In the present study, priority was put on the behavior of the rock mass surrounding a thermal energy storage cavern, rather than the cavern itself. The interior of the cavern was assigned an elastic material and modeled to function only as an impermeable heat source. Therefore, the numerical results predicted in proximity to the cavern may be limited in their representation of real phenomenon.
For example, if the cavern is not completely filled with thermal storage medium, the surrounding rock would deform in a different way toward the inside of the cavern because of thermal expansion. The construction sequence and the drainage condition of ground water also can affect the distributions of liquid saturation and pressure at the early stage. For a more accurate analysis of the mechanical stability of the rock cavern, a simulation based on the detailed design of a thermal energy storage system related to its construction and operation, such as storage temperature, depth of cavern, heat storage and transfer medium, insulator system, repeated heat charging and so on are required.
To ensure the applicability of rock caverns to thermal energy storage, there are still numerous challenges related to environmental impacts, as well as the technical problems of the estimation and 14 control of the coupled behavior of the rock mass and the storage cavern. To assess the environmental impact, the standards for regulating the thermal and hydrological responses of the rock mass should be preferentially established based on the ecological backgrounds and the detailed design of the thermal storage system. In addition, in a future study, more reliable estimates of heat transfer in the underground can be determined by accounting for the potential for the heat transfer by groundwater convection and the effects of the fractures intersecting the storage cavern. 
